Changes in gene expression associated with skeletal muscle atrophy due to aging are distinct from those due to disuse, suggesting that the response of old muscle to inactivity may be altered. The goal of this study was to identify changes in muscle gene expression that may contribute to loss of adaptability of old muscle. Muscle atrophy was induced in young adult (6-mo) and old (32-mo) male Brown Norway/ F344 rats by 2 wk of hindlimb suspension (HS), and soleus muscles were analyzed by cDNA microarrays. Overall, similar changes in gene expression with HS were observed in young and old muscles for genes encoding proteins involved in protein folding (heat shock proteins), muscle structure, and contraction, extracellular matrix, and nucleic acid binding. More genes encoding transport and receptor proteins were differentially expressed in the soleus muscle from young rats, while in soleus muscle from old rats more genes that encoded ribosomal proteins were upregulated. The gene encoding the cold-shock protein RNA-binding motif protein-3 (RBM3) was induced most highly with HS in muscle from old rats, verified by real-time RT-PCR, while no difference with age was observed. The cold-inducible RNA-binding protein (Cirp) gene was also overexpressed with HS, whereas cold-shock protein Y-box-binding protein-1 was not. A time course analysis of RBM3 mRNA abundance during HS showed that upregulation occurred after apoptotic nuclei and markers of protein degradation increased. We conclude that a coldshock response may be part of a compensatory mechanism in muscles undergoing atrophy to preserve remaining muscle mass and that RBM3 may be a therapeutic target to prevent muscle loss.
SKELETAL MUSCLE ATROPHY IS a multifactorial process that occurs in response to decreased activity levels, reduced mechanical and/or gravitational loading, modified environmental conditions, and pathological conditions. It is characterized by a decrease in muscle mass and, consequently, reduced contractile force of the muscle. The importance of a loss in muscle mass and strength is emphasized by the fact that it is associated with an increase in mortality (65) . Processes contributing to the loss of muscle mass include decreased protein synthesis, increased protein degradation, and increased apoptosis. Changes in mRNA abundance associated with muscle atrophy have been studied extensively using gene expression profiling in humans and animals. Atrophy models include food deprivation (12, 48) , denervation (74, 77) , hindlimb suspension (HS) (6, 21, 31, 90, 108) , space flight (67) , immobilization (18, 70, 88, 99) , spinal cord injury (77, 97) , and systemic wasting diseases (56) , such as diabetes, cancer, and renal failure. Major pathways shared by most forms of atrophy have been identified, and it was postulated that there is a specific transcriptional program involved in muscle atrophy. The genes associated with this program have been termed atrogenes (48, 56) , and the most strongly induced are members of the ubiquitin-proteasome pathway (6, 7, 37, 48, 56, 67, 88, 90, 97, 99) , especially the E3 ubiquitin ligases muscle atrophy F-box (MAFbx)/atrogin-1 and muscle ring finger-1 (Murf-1). Interestingly, the E3 ubiquitin ligase neural precursor cells expressed developmentally downregulated-4 (Nedd4), was specifically elevated with disuseinduced atrophy and was not induced upon starvation (54) . Other groups of genes that are upregulated with muscle atrophy include those encoding ribosomal proteins (6, 12, 88, 108) and proteins involved in oxidative stress, with metallothionein, an endogenous antioxidant, as an important example (56, 67, 90, 97, 99) . Two major groups of genes that were downregulated with muscle atrophy include those encoding protein chaperones, such as heat shock proteins (HSPs) (6, 18, 21, 90) , and those encoding extracellular matrix proteins (12, 21, 48, 56, 77, 90, 99) . In addition, many forms of atrophy are associated with a switching from slow to fast fiber types and gene expression changes mostly reflect this switch (21, 90, 108) .
The loss of muscle mass with age (sarcopenia) is also a multifactorial process, and the underlying mechanisms for age-related atrophy are still largely unknown. It has been suggested that a genetic program underlies the changes in muscle with age, and gene expression profiling in humans and animals have been performed to elucidate changes in gene expression with age (3, 35, 49, 51, 57, 70, 71, 104, 105) . Results from these studies show conflicting results, and there is less agreement on changes in gene expression with sarcopenia than with acutely induced muscle atrophy. Welle et al. (105) showed that components of the ubiquitin-proteasome pathway were increased with age in human muscle, while in mice this pathway was decreased with age (57) ; however, the abundance of the 26S proteasome component TBP-1 was decreased in both mouse and human muscle (104) . Most papers indicate an increase in inflammation-and oxidative stress-related genes (3, 49, 51, 57, 71) , concomitant with an increase in genes for protein chaperones, such as HSPs (49, 57) . However, HSP gene expression was decreased in other studies in mouse as well as human muscles (3, 104) . Interestingly, a common finding between studies was the decrease in gene expression of extracellular matrix-related genes, which was also found in acute muscle atrophy induced by multiple strategies in young subjects (12, 21, 48, 56, 71, 77, 90, 99, 104) . Nonetheless, these studies indicate that gene expression changes underlying sarcopenia are different and more variable than those underlying muscle atrophy induced more acutely in young subjects.
As the array of genes expressed in muscle changes as a function of age, one might expect that this will affect muscle adaptation to external stimuli in the elderly. Some studies have demonstrated that a hypertrophic response can be elicited in the elderly (10, 30, 32, 84) , but other reports have shown no change in muscle size with resistance training (4, 13, 14) . Moreover, the response to exercise is more variable at advanced age (59, 106) , and changes in gene expression in response to exercise seem less pronounced in muscle from aged individuals compared with those in young (49, 76) . With respect to muscle atrophy, one study in humans showed that immobilization caused a greater decrease in muscle mass in old individuals compared with young (98) . However, the response of muscles to disuse with respect to age has mainly been investigated in animal models using immobilization and HS and the results are controversial. Some studies report that soleus muscles atrophy to a similar degree in young and old rats (91, 95, 96) , whereas others suggest that soleus muscles from young animals atrophy more than those from old animals (11, 83) . Pattison et al. (70) reported differences in gene expression profiles between young and old muscles recovering from immobilization, as well differences in the response to immobilization with aging (72) . The goal of the present study was to identify changes in gene expression in response to a period of disuse due to simulated bed rest (HS) in young and old rats using microarray technology. The age of the old rats was taken at 50% survival. We hypothesized that gene expression changes during disuse differ between young and old animals reflecting a loss of muscle adaptability that may contribute to impaired ability to maintain or restore muscle mass in the elderly.
METHODS
Animal procedures and tissue collection. All procedures were performed in accordance with institutional guidelines for the care and use of laboratory animals, and protocols were approved by the Institutional Animal Care and Use Committee of the University of Arkansas for Medical Sciences. Male Fischer 344 X Brown Norway rats (6 mo and 32 mo of age) were purchased from the National Institute on Aging. This strain of rat was chosen because it has increased longevity and decreased cumulative lesion incidence compared with other strains; therefore, aging aspects can be studied in the relative absence of disease (60) . The different ages were chosen to reflect a mature rat (6 mo) and an old rat at about 50% mortality (32 mo). Rats of both ages were divided into two groups (n ϭ 6): nonsuspended control and HS for 14 days. Rats were allowed free access to food and water, and were housed in a 12:12-h light-dark cycle. HS was performed as previously described (28, 29) . Briefly, a tail device containing a hook was attached with gauze and cynoacrylate glue while the animals were anesthetized with pentobarbital sodium (50 mg/kg body wt). After the animal regained consciousness, the tail device was connected via a thin cable to a pulley sliding on a vertically adjustable stainless steel bar running longitudinally above a high-sided cage with standard floor dimensions. The system was designed in such a way that the rats could not rest their hindlimbs against any side of the cage but could reach their food and water without difficulty. After 14 days of control housing or HS, rats were killed with an overdose of pentobarbital sodium (100 mg/kg body wt). The soleus muscles were dissected, weighed, and processed as follows. Soleus muscle from one leg was frozen in liquid nitrogen and stored at Ϫ80°C for RNA and protein isolation, and soleus muscle from the other leg was embedded in a freezing medium, frozen in liquid nitrogen-cooled isopentane, and stored at Ϫ80°C for determination of mean fiber cross-sectional area (CSA).
For the experiments involving determination of responses early after the onset of atrophy, 6-mo-old male Sprague-Dawley rats (Harlan, Indianapolis, IN) were randomly assigned to the following six groups: control and HS for 12 h, 1 day, 2 days, 4 days, or 7 days (n ϭ 8 at each time point). HS was performed as described above, and at the designated time points, rats were euthanized by an overdose of pentobarbital sodium (100 mg/kg body wt), soleus muscles were dissected, weighed, frozen in liquid nitrogen, and stored at Ϫ80°C until RNA isolation.
Determination of muscle fiber CSA. Cross-sections (6 m) of soleus muscles were cut on a cryostat, air-dried, and stored at Ϫ20°C until analysis. Total muscle fiber CSA was determined on standard hematoxylin and eosin-stained sections after rehydration as described previously (29) . Muscle sections were viewed and captured as digital images using a Nikon Eclipse E600 microscope, CoolSnap camera, and MetaView software. CSA was measured on a total of 150 fibers from three different areas of the midbelly region of the soleus muscle, and the mean CSA was calculated.
RNA preparation. RNA isolation was performed as described previously (28) . Briefly, total RNA was isolated from soleus muscles using the guanidinium thiocyanate-phenol-chloroform extraction method as described by Chomczynski and Sacchi (19) . Total RNA was treated with one unit of DNase (Ambion, Austin, TX) using Ambion's DNA-free reagents in a 100 l total volume. The reaction was stopped with 20 l of inactivation reagent. The reagent had been diluted twofold using diethylpyrocarbonate-treated water containing 0.1 mM EDTA to ensure reproducible pipetting of the slurry. The integrity and abundance of the DNase-treated RNA was verified by analysis on the Agilent Bioanalyzer (Palo Alto, CA) and used for microarray analysis and real-time RT-PCR.
Microarray analysis. In the present study, microarray analysis was used as an initial screening tool to gain preliminary insight into changes in transcription, and real-time quantitative RT-PCR was used to corroborate the findings. Rat MWG Oligos (MWG-Biotech, High Point, NC) representing 10,000 genes were printed on epoxy slides (TeleChem International, Sunnyvale, CA) using a GeneMachines Omnigrid Printer (Genomic Solutions, Ann Arbor, MI) with 16 pins (Telechem International,) in the University of Arkansas for Medical Sciences Microarray Core Facility as described (5) . Two micrograms of total RNA was labeled using the Array 900 MPX kit (Genisphere, Hatfield, PA). RNA from soleus muscle from control animals was labeled with Cy3 and from HS with Cy5 to be compared on one slide. Also, reverse labeling was performed to reduce dye-specific biases in signal intensity, where control RNA was labeled with Cy5 and HS RNA with Cy3. Each array was duplicated on each slide, and, including the dye-swap slides a total of four spots for each position in the array, were analyzed. Hybridizations were performed on the Discovery Hybridization Station (Ventana Medical Systems, Tucson, AZ). Slides were removed from the hybridization station, rinsed briefly in a series of washes (reaction buffer, 1ϫ SSC, 0.1ϫ SSC), dried, and scanned using ScanArray 5000 (Perkin Elmer Life and Analytical Sciences, Boston, MA). Image analysis was performed using the adaptive circle method in ScanArray Express (Perkin Elmer). The raw intensities between the Cy3 and Cy5 channels were Lowess normalized to minimize systematic bias, and preprocessing steps were used to minimize the contribution of experimental artifacts. Genes whose intensities across the Cy3 and Cy5 channels were Ͻ1,000 were deemed as representative of noise floor (filtered), hence excluded from subsequent analysis. Subsequently, the intensities were log transformed. The above filtering removes genes with zero intensities ensuring the existence of the log transform. In two-dye experiments, proper flipping of the genes across the replicate arrays is essential because improper flipping may be an outcome of bias in dye binding as opposed to true biological variability. A systematic approach is described below to address flipping issues across replicate arrays. If three of the spots across the replicate arrays had changes more than 1.4-fold in one direction and the fourth was at least 1.4-fold in the opposite direction, only the disagreeing spot was set to missing. If two spots were at least 1.4-fold in opposite direction, all four spots were set to missing. Finally, the log ratio of HS over control was averaged for the nonfiltered spots for each position in the array, and a one-sample t-test was performed on these log ratios. The corresponding P values were generated. Three replicate arrays were generated for the young and six for the old animals (HS vs. control). The larger number of replicates for the old rats can be attributed to higher variability in the old rats. For young rats, any array position with a P value Ͻ0.05 in all three comparisons and in the same direction was considered significant, and for old rats at least four out of the six comparisons had to have P Ͻ 0.05 to be considered significant. Subsequently, Pathway Assist 3.0 (Ariadne Genomics, Rockville, MD) was used to annotate genes that showed a significant difference with HS, and these were grouped based on biological functions.
In our analysis, we set the cutoff for statistical significance at 1.4-fold, but reported also changes above 1.2-fold for the following reasons. The twofold cutoff used in classical array analysis can be attributed to near-normality assumption of the fold changes (i.e., 95% of the fold changes fall within 2 SDs, hence assumed to be nonsignificant). This is especially true when the sample size is large. However, often statistical significance (P value Ͻ0.05) can be observed when the gene expression distribution in control channels is well separated from that of experimental channels, whereas the mean fold change is lesser than twofold. In the present study, we found considerable variation between the groups, which prevented us from using such a rigorous cutoff in conjunction with multiple testing corrections. We therefore set the cutoff for statistical significance at 1.4-fold. Following the statistical analysis, we investigated the pathways associated with the identified genes and found that some genes in these pathways had fold changes smaller than 1.4, yet statistically significant. We therefore chose to report them if they were at least 1.2-fold different, as we felt they were biologically significant in the context of the pathway or ontology studied. Several factors may be responsible for the low fold changes in these genes including 1) variation between animals, 2) sensitivity of the arrays, and 3) probes corresponding to these genes. We used this low cutoff value for reporting since it has been shown that small changes can be validated as significantly different by other methods and that up to 90% of biologically significant changes can be missed if a twofold cutoff would be used (71) .
Real-time RT-PCR. Transcript abundance of selected genes was measured by real-time RT-PCR, as previously described (29) . RNA from six animals in each group was used for corroboration of microarray results. Briefly, quantitative real-time RT-PCR was performed using the protocols, chemistries, and the amplification and detection systems of Applied Biosystems (Foster City, CA). For each sample, cDNA was synthesized from 1 g of DNase-treated total RNA using components from the Taqman reverse transcription reagents (Applied Biosystems). The primers were allowed to anneal for 10 min at 25°C before the reaction proceeded for 1 h at 37°C followed by 5 min at 95°C. The resulting cDNA samples were aliquoted and stored at Ϫ80°C. Primer sequences were selected from the accession numbers in NCBI database using the Taqman Probe and Primer Design function of the Primer Express version 1.5 software (Applied Biosystems) and are shown in Table 1 . PCR reactions were assembled using the SYBR Green PCR Master Mix that required only the addition of cDNA template and primers. Control reactions were run lacking template to check for reagent contamination and to determine the melting temperature of any primer dimer. To optimize assay efficiency, PCR standard curves were produced using a pool containing each sample cDNA. Data points were generated using fourfold serial dilutions of cDNA. Gene expression was compared in individual samples using 16 ng RNA equivalents of cDNA. The reactions were performed using the ABI Prism 7700 Sequence Detection System (Applied Biosystems) and the instrument's universal cycling conditions: 95°C for 10 min, 40 cycles of 95°C for 15 s, and then 60°C for 1 min. An additional cycle was added in which the ramp time to 95°C was increased to 19 min and 59 s, during which time data were collected for melting curve analysis. Analysis of current and previous microarray data using the same array library indicated several candidates for use as control or housekeeping genes in normalization of RT-PCR data. The candidate list was derived from genes in the microarray results that were well expressed in all samples, however, with no detectable differential expression among any sample combination. Four genes were selected from the list of candidates based on biological appropriateness as a control: NADH subunit 1, ␤-2 microglobulin, 18S, and tubulin. These four potential housekeeping genes along with the genes of interest were analyzed using RT-PCR. The cycle threshold values from the RT-PCR were then formatted and input to the software program geNorm according to Vandesompele (100) . The geometric mean analysis indicated the use of all four genes was optimum. Subsequently, the geometric mean of the cycle threshold values from the four housekeeping genes was used for normalization in the RT-PCR analysis (100) .
Protein isolation and Western blot analysis. Western blot analysis of proteins was performed as described previously with minor modifications (28) . Briefly, soleus muscles were homogenized in a buffer containing 10 mM MgCl 2, 10 mM KH2PO4, 1 mM EDTA, 5 mM EGTA, 1% Igepal, 50 mM ␤GPO4, 1 mM PMSF, 1 mM Na3VO4, 1 g/ml leupeptin, 2 g/ml antipain, 10 g/ml benzamidine, 1 g/ml aprotinin, 1 g/ml chymostatin, and 1 g/ml pepstatin. After homogenization, samples were centrifuged for 10 min at 1,000 g at 4°C. Protein concentration of the supernatants was determined according to Bradford (8) using the Bio-Rad (Hercules, CA) protein assay reagent. For Bcl-2 and X-linked inhibitor of apoptosis protein (XIAP; 30 g) and for RNA-binding motif protein 3 (RBM3; 75 g), protein was loaded onto polyacrylamide gels (10% for Bcl-2 and XIAP and 12.5% for RBM3). After electrophoretic separation, proteins were transferred to nitrocellulose membranes (Bio-Rad). Subsequently, the membranes were incubated in Ponceau S solution (Sigma, St. Louis, MO) for 5 min for visualization of the protein and assurance of equal loading in all the lanes. Membranes were blocked in Odessey blocking buffer (Licor, Lincoln, NE) for 2 h at room temperature and incubated in primary antibody overnight in Odessey blocking buffer with 0.1% Tween. Primary antibody concentrations were as follows: Bcl-2 mouse monoclonal IgG (1:1,000; Stressgen, Ann Arbor, MI), XIAP mouse monoclonal IgG (1:200; Medical and Biological Laboratories International, Woburn, MA), and RBM3 rabbit polyclonal (1:1,000; kind gift from P. Vanderklish, Scripps Research Institute, La Jolla, CA) (24, 86) . After washes, membranes were incubated in the following secondary antibodies: Alexa Fluor 680 goat anti-mouse IgG highly cross-absorbed (1:30,000; Molecular Probes/Invitrogen, Carlsbad, CA), goat anti-mouse horseradish peroxidase-conjugated (1: 1,000; Pierce, Rockford, IL), and IRDye 800-conjugated goat antirabbit IgG (1:30,000; Licor) for detection of Bcl-2, XIAP, and RNA-binding motif protein-3 (RBM3), respectively. The XIAP filter was further treated with enhanced chemiluminescence substrate (Pierce) and scanned on a Bio-Rad scanner, while the filters for Bcl-2 and RBM3 were scanned and analyzed on the Odyssey Infrared Imaging System (Licor). Densitometry was performed to quantify the bands.
Statistics. Statistical analyses for the microarray data were described above. For other variables, to test for statistically significant differences between the groups, two-way ANOVA was used with age and group (control vs. HS) as factors; when significant F-ratios were observed, a Holm-Sidak pairwise multiple comparisons test was
RESULTS
Muscle atrophy markers. Soleus muscle weight, muscle-tobody weight ratio and muscle fiber CSA were 24%, 35%, and 26% lower, respectively, in old compared with young control rats ( Table 2) , indicating a significant level of sarcopenia in these rats. In response to HS, soleus muscle size decreased significantly as indicated by a 49% and 34% decrease in muscle weight, a 38% and 22% decrease in muscle-to-body weight ratio, and a 62% and 58% decrease in muscle fiber CSA in young and old, respectively (Table 2 ). However, all three indicators of muscle mass were not different between young and old after 14 days of HS, indicating that the muscles atrophied to the same absolute level at both ages.
In addition, we analyzed the mRNA abundance of atrophyrelated markers to ensure that gene expression changes were indeed as expected with HS (Table 3) . MAFbx (or atrogin-1), Murf-1, and Nedd4 are ubiquitin-protein ligases that have been identified as markers of skeletal muscle atrophy (7, 37, 54, 90) . Transcripts encoding MAFbx, Murf-1, and Nedd4 were elevated with HS, indicating that, even at 14 days after HS, these markers are still overexpressed, consistent with previous reports (27, 90) .
Microarray analysis. As multiple studies have compared gene expression profiles between young and old muscles (3, 35, 49, 51, 57, 70, 71, 104, 105), we focused our analyses on the effect of age on response to disuse. Gene expression patterns in soleus muscles from control and HS rats of each age were directly compared using two-color spotted microarrays. Of the 10,000 genes represented on the array, 200 were differentially expressed in response to HS. Thirty-eight genes were differentially expressed with HS in both young and old, Continued of which 15 were downregulated and 23 were upregulated. Genes that changed in both age groups were altered in the same direction with the exception of one gene (ionotropic glutamate receptor, Table 3 ). The expression of 70 genes changed with HS exclusively in old muscle, with 33 decreased and 37 increased. In muscle of young rats, 55 unique genes decreased expression with HS and 37 genes increased, totaling 92 genes. Genes that were differentially expressed with HS in young and old were categorized into functional classes using Pathway Assist 3.0 and the results are shown in Table 4 . Genes encoding chaperones (mainly HSPs) were downregulated with HS in both young and old muscles to approximately the same extent, although HSP70 was specifically downregulated in old muscles. Downregulation of protein chaperones has previously been noted in atrophying skeletal muscles (6, 18, 21, 90) . Changes in expression of genes encoding extracellular matrix proteins, another class of proteins associated with muscle atrophy (12, 21, 48, 56, 77, 90, 99) , were similar in muscles from both young and old rats. In addition, genes encoding proteins involved in muscle structure and contraction changed similarly in young and old soleus muscles, suggesting that the change in fiber type observed with HS is not affected by age, at least at the transcriptional level. Finally, the expression of genes encoding proteins involved in nucleic acid binding, including transcription factors and repair enzymes, generally showed a similar response to HS, regardless of age, with a few notable exceptions. The expression of the genes encoding the repair enzyme 8-oxoguanine DNA glycosylase, two RNAbinding proteins, the transcription factor immunoglobulin -binding protein-2 increased, while the gene expression of one GTP binding protein decreased in both young and old muscle after HS; however, thymine DNA-glycosylase, Kruppel-like factor-15, and transcription factor 12 (HTF4) gene expression decreased in young muscle only.
Many genes encoding structural components of the ribosome were changed with HS in muscle from old but not young rats, and all of these ribosomal genes increased in expression, possibly suggesting a compensatory response to the loss of muscle protein already present in old rats. In contrast, genes encoding proteins involved in transport, such as solute carriers (SLCs), and those encoding receptors were changed exclusively in muscles from young rats, potentially indicating that adaptive changes to metabolic demands are dampened with age.
The mRNA abundance of selected genes was verified with real-time RT-PCR (Table 5 ) using RNA from soleus muscle of six individual rats in each group for the validation. Genes previously shown to change with HS, such as extracellular matrix proteins or those involved in the fiber-type switching, were not included in the verification process. Normalization of the RT-PCR was performed with a geometric mean calculation among four housekeeping genes (NADH subunit 1, ␤-2 microglobulin, 18S, and tubulin) using GeNorm, which optimized normalization (100). In general, the changes in gene expression measured with real-time RT-PCR were very similar in direction and magnitude to the microarray results. We had two false-negative and two false-positive results, indicating that our statistical analysis did not favor one error type.
RBM3 analysis. The gene that was most highly induced with HS in soleus muscle from old rats encoded RBM3 (Table 4) . Quantification of gene expression changes with real-time RT-PCR verified that the RBM3 gene was more highly induced in old (4.3-fold) compared with young (2.5-fold) muscle with disuse (Fig. 1A) . A time course of HS showed that RBM3 mRNA abundance first increased after 2 days of HS, which coincides with the first measure of atrophy but is after the increase in apoptosis (29) and the increase in expression of mRNAs for the ubiquitin ligases MAFbx and Murf-1 (Fig. 3) (7) .
RBM3. RBM3 was first identified as a RNA-binding protein (23) , but also belongs to the cold-shock protein family. Therefore, we determined whether other cold-shock genes were upregulated with HS. Y-box-binding protein-1 (YB-1) and cold-inducible RNA binding protein (Cirp) are part of the cold-shock domain protein superfamily of RNA binding proteins (22, 38, 53) , with Cirp most closely related to RBM3, since both contain only one RNA binding motif adjacent to a COOH-terminal arginine-and glycine-rich domain (22, 68) in contrast to YB-1, which contains basic/aromatic islands in its COOH-terminus (38) . mRNA abundance for Cirp increased with HS in soleus muscles of both young and old rats, comparable to RBM3 (Fig. 1B) . YB-1 mRNA did not change with HS, but instead showed a decrease with age regardless of suspension status (Fig. 1C) , suggesting that the response to HS may be specific to small cold-shock domain proteins with a glycine-rich region. We further found that protein abundance of RBM3 increased 4.7-and 5.3-fold in soleus muscle from young and old rats, respectively ( Fig. 2A) , indicating that this protein is effectively translated. This is likely due to the use of internal ribosome entry sites (IRES) in the RBM3 mRNA (17) that mediates cap-independent translation (41) in the face of decreased total protein synthesis (94) . Two additional proteins, Bcl-2 and XIAP, containing functional IRES were also measured. Bcl-2 protein abundance increased with HS in soleus muscle of both young and old rats, but XIAP protein abundance did not change, suggesting that increased cap-independent translation is not a general feature of HS.
DISCUSSION
The capacity of skeletal muscle to recover from muscle atrophy induced by disuse is diminished at old age (15, 33, 111) , and thus it is important to find ways to prevent atrophy during a period of disuse, particularly in the elderly. Understanding age-related differences in the response to muscle atrophy will aid in developing interventions for atrophy pre- a Significant main effect for HS, b significant main effect for age, *significant difference from control within the age group, P Ͻ 0.05.
vention. Therefore, we performed a microarray analysis to identify differences in gene expression in muscles from young and old rats during atrophy due to disuse. We found that the number of genes differentially expressed with atrophy in some functional categories was similar between young and old, but there were also changes indicative of a differential response with age. Functional groups whose gene expression profile changes were similar between young and old were: protein folding, muscle structural and contraction-related proteins, nucleic acid binding, and extracellular matrix constituents. By contrast, in old animals, there were more genes encoding ribosomal proteins changed with HS, while in young animals more genes encoding transport proteins and receptors were changed after disuse.
Transport proteins, including SLCs, control the uptake and efflux of compounds into and out of cells, and thereby influence cellular metabolism and protein homeostasis. SLCs have previously been shown to be changed in response to atrophyinducing conditions (56, 77, 90) , likely in response to the change in metabolic demands during disuse. SLC7 functions as a major entry path for cationic amino acids that feed into the protein synthetic pathway (20) , while SLC5 (Na ϩ /glucose cotransporter), SLC16 (pyruvate/lactate transporter), and SLC22 (organic anion transporter) appear to be more involved in the metabolic regulation of cellular homeostasis (39, 75, 109) . Interestingly, very few changes with HS were observed in this category in muscles from old rats, suggesting that the adaptive response to disuse may be lost at old age. The same is true for the category of genes encoding receptor proteins, which primarily changed in young rats. On the other hand, the response of genes encoding ribosomal proteins was greatest in muscles from old rats. The increase in ribosomal protein mRNA abundance with disuse appears to be in conflict with the fact that protein synthesis is decreased during HS (94) but has been observed previously in different models of muscle atrophy (6, 12, 77, 88, 108) . We suggest that gene expression of ribosomal proteins may be increased as a compensatory response to the loss of muscle protein in an attempt to minimize disuse-induced muscle atrophy in already sarcopenic muscles.
In contrast to the failed compensatory response, muscles from old rats still exhibit adaptability to disuse, since altered expression of many classes of genes with HS was similar in young and old. These include protein folding proteins (mainly HSPs) that function as molecular chaperones for proteins and play a role in maintaining cellular homeostasis (61) . Genes encoding HSPs decrease with muscle atrophy due to sciatic nerve transection (46) , tenotomy (46) , denervation (69) , and HS (55, 69, 78) , and this decrease may contribute to the elevation in protein degradation. Indeed, when hyperthermia is applied prior to the induction of disuse atrophy to induce HSPs, the loss of muscle mass was attenuated (66, 81) . Old animals are known to have an attenuated response to exercise-induced HSP expression (101, 102) and life-long overexpression of HSP70 decreased age-associated oxidative stress parameters (9) , indicating that protein chaperone activity may be decreased with advancing age. Also, since most HSPs, and ␣B-crystallin in particular, are negative regulators of apoptosis in muscle cells (34, 45, 50, 103) , they may contribute to the loss of nuclei that occurs with disuse atrophy, especially in old muscle (58) .
Genes encoding proteins involved in muscle structure and contraction also changed in response to HS independent of age. Disuse is generally associated with a switch in fiber types from slow to fast (47, 64, 89) , and this was observed in our study where expression of genes encoding slow proteins, such as slow troponin I and myosin light chain-2, decreased, while that of fast proteins, such as fast-twitch calcium ATPase and myosin light chain-3, increased. Thus, it seems that the switch in fiber types with HS occurs in soleus muscle from old animals to the same degree as it does in young animals, at least at the level of transcription. Similarly, genes encoding extracellular matrix (ECM) proteins changed in response to HS in both young and old muscles. ECM gene expression decreases in atrophying muscles of animals and humans (21, 56, 67, 79, 98) and even though ECM gene expression, collagens in particular, are decreased with age in skeletal muscle (36, 71) , expression declines further with disuse.
The expression of genes encoding nucleic acid binding proteins was also relatively unaffected by age, with RBM3 (23) , showing the greatest induction of expression in old muscle. RBM3 belongs to the glycine-rich RNA-binding protein family, comprised of proteins that contain one aminoterminal RNA recognition motif and a COOH-terminal glycine-rich domain (22) . Proteins from this family have been found in cyanobacterium (80) , plants (42) , and mammalian cells (1) , and are induced by various environmental stresses, but particularly by cold stress (1, 22, 87) . They are proposed to function as RNA chaperones that facilitate translation, and to protect and restore native RNA conformations during stress (1, 38, 73, 87) . RBM3, in particular, was shown to enhance global protein synthesis, to promote translation, and to decrease miRNA levels in neurons (24, 86) . Interestingly, RBM3 was identified as the only protein to be highly induced during hibernation in liver, brain, and cardiac tissue in the goldenmantled ground squirrel (107) and to be elevated in all tissues studied, including skeletal muscle, of the hibernating arctic ground squirrel (110) whose body temperature drops dramatically during torpor. During hibernation, muscle mass in mammals does not decrease to the extent expected by the level of inactivity (82) , and there is evidence that black bears actually retain protein content and are in protein balance during hibernation (40, 62, 63) . We show here that both RBM3 and Cirp (also a glycine-rich RNA binding protein) are elevated 2 wk after HS, indicating that hibernation and disuse atrophy may have common responses as was also suggested by Yan et al. (110) . Gene expression of a cold-shock protein from the Y-box family (YB-1) was not elevated with HS, as we showed previously for gastrocnemius muscle (43) , suggesting that the response is likely specific to the glycine-rich RNA binding protein family. In addition to its proposed function in protein translation, RBM3 also has been shown to decrease apoptosis (52, 92) , which is known to be elevated with both disuse-and age-associated muscle atrophy (2, 25, 26) . We therefore hypothesize that the elevation of RBM3 might function as a compensatory response to the increase in apoptosis and the decrease in muscle protein with HS. Siu et al. (85) proposed a similar response for antiapoptotic proteins which are increased in old muscle undergoing atrophy. Indeed, the increase in RBM3 mRNA abundance occurred at a point in time that apoptosis is already elevated and protein degradation markers are detected (29) . Furthermore, the increase in RBM3 gene expression also resulted in an increase in RBM3 protein abundance, even though it is known that total protein synthesis is decreased under HS-induced muscle atrophy (44, 93) as is also the case during cold shock (1). We suggest that translation of RBM3 may have occurred through cap-independent translation using an IRES site contained in the 5Ј leader of RBM3 (16, 17) . Similarly, Bcl-2, an anti-apoptotic protein known to contain a functional IRES site, was also elevated during HS, as has been shown previously in atrophying old muscle (85) . However, the anti-apoptotic protein XIAP, which also contains a functional IRES site, was not elevated with HS, indicating that the response is likely not a general phenomenon with HS.
Perspectives and Significance
We propose that sarcopenic muscles induce an age-dependent compensatory response to maintain a minimal size. The increase in ribosomal protein gene expression, one of the few classes of genes differentially expressed with age after HS, may be part of this response to maintain protein synthesis. Similarly, elevated RBM3 may act to stabilize RNA to maintain the translatable pool in the face of nuclear loss during disuse-induced muscle atrophy. The significant increase in RBM3 gene expression in old muscle suggests the intriguing possibility that disuse-associated changes in muscle, particularly from old animals, resembles the cold-shock response, preserving remaining muscle tissue, similar to what occurs during hibernation in mammals. Therefore, RBM3, and potentially other glycine-rich RNA binding proteins, may be targets for prevention of muscle wasting during prolonged periods of disuse where significant muscle loss is expected.
